Purpose To investigate the association of renal elasticity to microscopic findings of nephron hypertrophy and nephrosclerosis. Methods Patients who underwent renal biopsy were enrolled. Renal elasticity was measured by acoustic radiation force impulse, and nephron size (glomerular volume, non-sclerotic glomerular density, and mean profile tubular area) and nephrosclerosis (globally sclerotic glomeruli and interstitial fibrosis) were estimated. Nephron hypertrophy was indicated by larger glomerular volume, larger tubular area, and lower non-sclerotic glomerular density. Nephrosclerosis was indicated by a higher percentage of globally sclerotic glomeruli and higher severity of fibrosis. Results Renal elasticity was negatively correlated with glomerular volume (r = − 0.480, P = 0.024) and mean tubular area (r = − 0.469, P = 0.028), but it was not correlated with non-sclerotic glomerular density (r = 0.205, P = 0.359), percentage of globally sclerotic glomeruli (r = 0.057, P = 0.800), and severity of fibrosis (r = 0.014, P = 0.950). In a multiple linear regression analysis, glomerular volume and mean tubular area were independently associated with renal elasticity (std β = − 0.454, P = 0.015 and std β = − 0.577, P = 0.007, respectively). Conclusion Renal elasticity was correlated with microstructural findings of nephron hypertrophy. Measuring renal elasticity could help in detecting kidney disease.
Introduction
Chronic kidney disease (CKD) is a major public health issue and is a risk factor for cardiovascular disease and cerebrovascular disease [1, 2] . Patients with CKD show a progressive decline in renal function, which leads to end-stage renal disease. Because a lower glomerular filtration rate (GFR) is related to a greater rate of decline in renal function [3] , the importance of early detection of kidney disease is widely recognized. Regardless of the etiology, glomerulosclerosis, tubular atrophy, and interstitial fibrosis are the major histological changes observed in advanced kidney disease. In early stage kidney disease, on the other hand, glomerular and tubular hypertrophy can be observed together with the findings seen in advanced kidney disease. Hypertrophic changes found in glomeruli and tubules are considered to be compensation by the remaining nephrons for the nephron loss, resulting in an increase in single nephron GFR, and contribute to the sustained GFR in the early stages of kidney disease. Although these compensatory hypertrophic responses indicate increased intraglomerular pressure that leads to glomerular injury of the remaining nephrons and predicts kidney failure [4, 5] , it is necessary to perform renal biopsy to evaluate them.
Acoustic radiation force impulse (ARFI) imaging is a recently developed noninvasive technique for evaluating tissue elasticity [6] . The procedure involves a short-duration push pulse from the probe to generate tissue deformation, producing a shear wave that propagates through the tissue. By recording the shear wave velocity (SWV), tissue elasticity can be evaluated. In general, shear waves propagate faster in tissue with higher elasticity. This technique is used for diagnosing thyroid and breast cancer, and for assessing histological changes in patients with chronic liver disease. Hepatic SWV measured using ARFI has a good correlation with the stage of hepatic fibrosis [7, 8] ; hepatic SWV increases with the progression of fibrosis. The relation between renal SWV and interstitial fibrosis has been studied in some reports [9, 10] . However, no previous reports investigated if hypertrophic changes affect renal SWV. We hypothesized that hypertrophic changes would affect renal SWV, and that measurement of renal SWV would be a clue to detecting early signs of kidney disease. In the present study, we investigated the relationship between renal SWV and microstructural changes, including glomerular size, tubular size, glomerulosclerosis, and interstitial fibrosis, in CKD patients.
Materials and methods

Study population
Patients who underwent renal biopsy at our hospital between May 2013 and March 2015 were enrolled. All renal biopsies were performed for patients who were suspected of having renal disease. Indications for renal biopsy were basically based on the guidelines from the Japanese Society of Nephrology [11] , comprising persisting hematuria and/or proteinuria, proteinuria more than 0.5 g/day, rapid decline in renal function, and gross hematuria suggestive of glomerular hematuria. Serum creatinine was measured on the day before the renal biopsy. This study was conducted in accordance with the Declaration of Helsinki and with approval of the ethics committee of our hospital (approval number: 2316). Each subject provided written informed consent.
Measurement of SWVs
All measurements were performed as previously described [12] . SWV was measured using a Siemens Acuson S2000 ultrasound system (Siemens, Erlangen, Germany), with convex probes (4C1; frequency range, 1-4 MHz) and a mechanical index of 1.7. Measurement was performed with the preliminary identification of a target region of interest (ROI) on a conventional ultrasound image (Fig. 1) . The ROI was placed perpendicular to an area of the renal cortex that did not contain any detectable vasculature or cysts. The applied transducer pressure was minimized as much as possible during imaging to avoid mechanical compression of the kidney. Measurements were performed 10 times for both kidneys. Excluding the maximum and minimum values, the mean of the remaining eight measurements was used. In the event of an invalid measurement (expressed as X.XX m/s), a repeat measurement was carried out. All measurements were performed before the renal biopsies by an experienced ultrasound physician (T.T.).
Renal biopsy
Renal tissue was obtained by cutting needle biopsy using a 16-gauge biopsy gun (Acecut; TSK Laboratory, Tochigi, Japan). The tissue specimen was fixed in formalin and embedded in paraffin. Two consecutive sections were stained with periodic acid-Schiff and methenamine silver. Microstructural characteristics including non-sclerotic glomeruli (NSG) density, mean glomerular volume, mean profile tubular area, and percentage of globally sclerotic glomeruli (GSG) were evaluated as previously described [4, 13] . In this morphometric assessment method, a lower NSG density, larger glomerular volume, and larger mean profile tubular area indicate nephron hypertrophy, whereas a higher percentage of GSG indicates nephrosclerosis [4] . The section was also scored by the severity of interstitial fibrosis according to the cortical area occupied by fibrosis (1, 0%; 2, 1-5%; 3, 6-10%; and 4, > 10%). For morphometric analysis, the scientific image-analysis software ImageJ (US National Institutes of Health, Bethesda, MD, USA) was used. Patients with insufficient biopsy section (< 2 mm 2 of cortex or < 2 glomeruli) were excluded from this study.
Statistical analysis
The SWV measured on the same side of the renal biopsy was used for analysis. Continuous variables were expressed as median (range). The Shapiro-Wilk test was used to test for normality. Correlations between renal SWV and microstructural findings were analyzed using Pearson's correlation coefficient or Spearman's rank correlation coefficient. Microstructural characteristics were examined using a stepwise multiple linear regression analysis to investigate influencing factors for SWV. Statistical analyses were performed using the SPSS version 22.0 for Windows (IBM Japan, Tokyo, Japan). A two-tailed P value of < 0.05 was considered statistically significant.
Results
Twenty-four patients underwent renal biopsy and SWV measurement. Among these patients, 22 were enrolled in this study (two had an insufficient biopsy section). Tables 1 and  2 show the characteristics of the patients, the pathological diagnosis as classified by pathogenesis, and morphological measurements of the microstructure.
The associations between SWV and clinical characteristics or microstructural measurements are shown in Table 3 and Fig. 2 . SWV was negatively correlated with mean glomerular volume (r = − 0.480, P = 0.024) and mean profile tubular area (r = − 0.469, P = 0.028), but was not correlated with NSG density (r = 0.205, P = 0.359), percentage of GSG (r = 0.057, P = 0.800), fibrosis score (r = 0.014, P = 0.950), and estimated GFR (r = 0.398, P = 0.067). To investigate the factors influencing SWV, we performed stepwise multiple linear regression analyses, applying NSG density, mean glomerular volume, mean profile tubular area, percentage of GSG, and fibrosis score as independent variables. Mean glomerular volume (std β = − 0.454, P = 0.015) and mean tubular area (std β = − 0.577, P = 0.007) were independent predictors for SWV (adjusted r 2 = 0.409, P = 0.006), with the latter being the strongest factor influencing SWV (Table 4) .
Discussion
In this study, we observed a negative correlation between renal SWV measured by ARFI and nephron hypertrophy, which is indicated by glomerular volume and tubular size. In addition, tubular size was the strongest predictor of renal SWV. To our knowledge, this is the first study to investigate the relationship between renal elasticity and microscopic findings of nephron hypertrophy.
ARFI imaging is a well-established method for evaluating histological changes in patients with chronic liver disease. Recently, this technique has been applied to the assessment of interstitial fibrosis in transplanted kidneys and CKD patients [9, 10] . Stock et al. [10] reported a positive correlation between renal SWV and allograft fibrosis. Similarly, renal SWV was higher in CKD patients with a mild or moderate degree of fibrosis [9] . In other reports, however, renal SWV did not correlate with fibrosis in patients with transplanted kidneys or CKD [14] [15] [16] . Renal SWV was reported to be lower in CKD patients compared to healthy subjects, and renal SWV in patients with stage 5CKD was much lower than in other CKD stages [17] . Undoubtedly, an extensive degree of interstitial fibrosis appears in advanced kidney diseases [18] . Thus, a microstructural change other than interstitial fibrosis is considered to affect renal SWV.
Here, renal SWV decreased with nephron hypertrophy indicated by larger glomerular volume and tubular size. There are some microscopic factors that influence the measurement of SWV. First, anisotropy, which reflects the difference in direction of the shear waves and the properties of the tissue, affects the elasticity values. Shear waves spreading parallel to a structure move quickly, contrary to those spreading perpendicular to a structure decreasing their speed of propagation [19] . Because the glomeruli are spherical in shape, enlargement of glomeruli could disturb the propagation of the shear waves. Second, uneven obstacles disturb the progression of the shear waves, similarly to the differences in the acoustic impedance regulating the transmission of ultrasound beams [19] . Changes in tissue viscoelasticity also affect the generation and propagation of shear waves [6] . SWV generation is attenuated in fluid, and attenuated SWV has been reported in the gallbladder [20] . Dilation of the renal tubules is related to increased urinary space volume [21] . Therefore, we surmised that the hypertrophic changes in nephrons could have affected the anisotropy, heterogeneity, and viscoelasticity within the ROI, resulting in reduced SWV.
Tubular hypertrophy occurs with glomerular hypertrophy, and both of these structural changes correlate with glomerular hyperfiltration [22] . Nephron hypertrophy is observed in the early stages of diabetes mellitus and obesity-related renal disease [21, 23] , and is observed in the remaining functional nephrons in early stage CKD as a compensation for nephron loss [13] . Nephron hypertrophy can be detected in the absence of significant nephrosclerosis in age-related kidney damage [24] . As renal SWV was correlated to nephron hypertrophy in this study, measuring renal SWV could be helpful for earlier detection of CKD.
This study had some limitations. First, the number of subjects was small, and only patients with renal disease were included. Most of the patients had glomerulonephritis or nephropathy, and renal SWV could be affected by cellular infiltration. Second, although this study described the relationship between renal SWV and microstructural findings in patients with kidney diseases, further study is needed to clarify the usefulness of this technique in subjects with asymptomatic kidney disease. Blood or urinary flow within the kidney was not incorporated in this study. However, we focused on the relationship between microscopic structural change and renal elasticity, and this study sheds further light on the impact of microstructural change on renal SWV.
Conclusion
In conclusion, we observed that renal SWV was negatively correlated with glomerular volume and tubular size. Measurement of renal SWV could be helpful for earlier detection of CKD.
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